ZnO nanoparticles were synthesized via a direct precipitation method followed by a heterogeneous azeotropic distillation and calcination processes, and then characterized by X-ray power diffraction, scanning electron microscopy, transmission electron microscopy, and nitrogen adsorption-desorption measurement. The effects of Pt-loading amount, calcination temperature, and sacrificial reagents on the photocatalytic H 2 evolution efficiency from the present ZnO suspension were investigated. The experimental results indicate that ZnO nanoparticles calcined at 400
I. INTRODUCTION
Since Fujishima and Honda demonstrated the feasibility of splitting water over a TiO 2 photoanode under the illumination of UV light [1] , a great number of attempts on the photocatalytic H 2 and/or O 2 evolution over semiconductors have been made with the aim of constructing solar energy conversion system to H 2 fuel from water [2−4] . In addition to TiO 2 [5, 6] and CdS [7] , various semiconductors, such as In 1−x Ni x TaO 4 [8] , or SrTiO 3 [9] , have been prepared and used as photocatalysts for the H 2 production. Among the reported photocatalysts, the classic photocatalyst TiO 2 (including modified TiO 2 ) for the photocatalytic H 2 production has been the most attractive due to its good performances concerning photoreactivity, photostability, nontoxicity and low price. However, the H 2 generation efficiency over bare TiO 2 from water is still low, mainly due to the fast charge recombination and backward reaction [1−6] . In recent years, many efforts have been dedicated on the preparation of novel nanostructured TiO 2 , and it was found that its morphology and particle size play critical roles in the photochemical reaction [4] [5] [6] 10] .
Both noble metal loading and addition of electron * Author to whom correspondence should be addressed. E-mail: typeng@whu.edu.cn, Tel./FAX: +86- donors have been studied widely for enhancing the TiO 2 photocatalytic activity since both methods contribute to the efficient electron-hole separation. However, it has also been confirmed that Pt-loaded photocatalysts such as Pt/TiO 2 could not decompose water stoichiometrically in an aqueous suspension, and the photoactivity for H 2 production dropped rapidly with prolonging the photoreaction time. Hence, the effects of various sacrificial reagents, such as CH 3 OH, CH 2 O, Na 2 S, and I − , on the H 2 evolution have been systematically investigated [11, 12] . For example, small amount of I − in a Pt/TiO 2 suspension can significantly improve the photocatalytic H 2 and O 2 evolution efficiencies with a stoichiometric ratio [11] . Moreover, Li and his co-workers have also investigated the photocatalytic H 2 production from a Pt/TiO 2 suspension in the present of H 2 C 2 O 4 , HCOOH or HCHO, and found that the H 2 production efficiency was decreasing according to H 2 C 2 O 4 >HCOOH>HCHO [12] . Although the consumption of sacrificial reagents might incur high costs, converting organic wastes or pollutants as sacrificial reagents into environment-friendly products still has promising application in both photonto-hydrogen energy conversion and environmental protection.
In addition to TiO 2 , some other traditional metal oxides and novel alternative materials have also been used to overcome above hindrances, and show some exciting results [9] . Among them, zinc oxide (ZnO) is a semiconductor with the bandgap of 3.37 eV and electronic property similar to TiO 2 [13, 14] . ZnO nanopar-ticles have been extensively used as substitute of TiO 2 in the field of the pollutant photocatalytic degradation [13−15] , dye-sensitized solar cells [16] , and photocatalytic O 2 production [17] . It has been found that ZnO nanoparticles exhibit very similar photoelectrochemical and photocatalytic degradation properties as TiO 2 [15] . As a potential substitute of TiO 2 in the field of photocatalytic H 2 production, ZnO has the additional advantage that it is suitable for the easy fabrication of nanostructures such as nanorods and nanotubes that might improve its performance. Moreover, ZnO with flat band potential higher than TiO 2 may be beneficial for enhancing the photocatalytic H 2 production efficiency. However, there is no report on the photocatalytic H 2 production to the best of our knowledge.
In this work, ZnO nanoparticles were synthesized via a direct precipitation method followed by a heterogeneous azeotropic distillation process. The effects of Pt-loading amount, calcination temperature and light irradiation time on the photocatalytic H 2 production efficiency were investigated. Moreover, a comparative study of the photocatalytic H 2 production efficiency from a Pt/ZnO suspension is conducted using methanol or triethanolamine (TEOA) as sacrificial reagent. Special attention is paid to the photocatalytic behavior and the stability of the ZnO nanoparticles. In addition, the photocatalytic mechanism for the H 2 evolution in the presence of sacrificial reagent is also discussed in detail.
II. EXPERIMENTS
A typical preparation process of ZnO nanoparticles is as follows: 11.90 g Zn(NO 3 ) 2 ·6H 2 O and 2.0 g PEG 400 were dissolved into 100 mL distilled water under stirring as Zn 2+ solition. 7.91 g NH 4 HCO 3 was dissolved into a mixed solvent containing 100 mL distilled water and 50 mL anhydrous ethanol. Zn 2+ solution was added dropwise into NH 4 HCO 3 solution under stirring. The resulting white precipitate was collected by centrifugation and washed with 1.0 mol/L NH 4 HCO 3 solution and ethanol for several times, and then dried at 80
• C to obtain precursor A (marked as Pre-A).
The Pre-A was treated with heterogeneous azeotropic distillation process with n-butanol at 117
• C for 2 h to produce precursor B (Pre-B) as described in our previous work [18] . The resulted Pre-B was further calcined at different temperatures for 2 h at the heating rate of 10
• C/min to obtain the products. For comparative investigation, γ-Al 2 O 3 nanoparticles were also prepared by a precipitation reaction process as described in our previous publication [18] .
Pt-loaded ZnO (Pt/ZnO) was prepared through a photodeposition procedure as follows: 0.06 g H 2 PtCl 6 ·6H 2 O and 0.75 g ZnO nanopowders were added into a mixed solution (containing 200 mL H 2 O and 30 mL methanol) in the photoreaction cell (Pyrex glass) in sequence, and then irradiated by a 250 W high-pressure Hg-lamp for 6 h under continuous stirring. During the light irradiation, H 2 PtCl 6 was photoreduced to form highly dispersed Pt nanoparticles loaded on the ZnO nanoparticles. After centrifugation, the sample was washed with water and dried at 80
• C overnight to obtain 3%Pt/ZnO, photocatalysts with different Ptloading amounts were prepared in a similar method. All chemical reagents were obtained from commercial sources as analytical reagent grade and used without further purification.
X-ray diffraction (XRD) patterns of the samples were obtained on XRD-6000 diffractometer using Cu Kα as radiation (λ=0.15418 nm). The porous structure and Brunauer-Emmett-Teller (BET) surface areas were analyzed by nitrogen adsorption-desorption measurement using a Micromeritics ASAP 2020 apparatus (USA) after samples were degassed at 180
• C. The BET surface area was determined by a multipoint BET method using the adsorption data in the relative pressure (P/P 0 ) range at 0.05−0.3. Desorption isotherm was used to determine the pore size distribution via the Barret-JoynerHalender (BJH) method. The microstructure and morphology of the obtained sample were analyzed with JSM-7400F field emission scanning electron microscope (FESEM) and LaB6 JEM-2010(HT)-FEF transmission electron microscope. The Pt element contents were detected by Bruker S4 X-ray fluorescence (XRF) spectrometer in a standardless mode. The UV-Vis diffuse reflectance absorption spectra (DRS) were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer equipped with an integrating sphere using BaSO 4 as a reference.
For the stability test of photocatalyst, the Zn
2+
concentration in the photochemical reaction solution was investigated by inductively coupled plasma optical emission spectrometry (ICP-OES) (Thermo. USA).
The formic acid in the remaining photoreaction solution was detected by ion chromatograph (Dionex, USA) attaching Dionex Ionpac AS9-HC analytical column, AG9-HC protect column, Dionex ASRS-ULTRA II 4 mm suppressor column, DS6 conductivity detector and Chromeleon workstation. Chromatogram conditions: eluate 9.0 mmol/L Na 2 CO 3 solutions with flow velocity of 1.5 mL/min, suppressor current 90 mA, detector temperature 35
• C, sampling volume 35 µL, and conductivity detection based on peak area through an external standard method.
The photocatalytic H 2 production reactions were carried out in an outer irradiation-type photoreactor (Pyrex glass) connected to a closed gas-circulation system. A 250 W Xe-lamp (Beijing Trusttech Co. Ltd., China) was afforded as light source. The photocatalytic reaction was performed in distilled water (80 mL) and sacrificial reagent solution (20 mL triethanolamine or methanol) containing the Pt/ZnO (100 mg), then the suspension was thoroughly degassed to remove air, and the reactor was irradiated from the top with the full spectrum. Photocatalytic H 2 evolution rate was analyzed with an online gas chromatograph (GC, SP- 
FIG. 1 XRD patterns of the precursor Pre-A (a) and Pre-B (b), 3%Pt/ZnO calcined at 300
• C (c), 400
• C (e), and 3%Pt/ZnO calcined at 400
• C after 5 h photoreaction (f).
6800A, TCD detector, 5Å molecular sieve columns and Ar carrier). In comparison, the photocatalytic experiment over Pt/γ-Al 2 O 3 was also conducted under the same conditions as described above. Figure 1 shows the XRD patterns of the precursors and their Pt-loaded products calcined at different temperatures. As can be seen, both Pre-A and Pre-B show low crystallinity and can be mainly ascribed to the monoclinic zinc hydroxide carbonate (JCPDS, No.72-1100); whereas all diffraction peaks of the calcined samples can be readily indexed as wurtzite ZnO (JCPDS, No.36-1451) [14] . The calculated mean crystal sizes from line broadening of wurtzite (101) diffraction peak according to Sherrer equation are listed in Table I . The increasing peak intensity and mean crystal size imply the improved crystallinity of wurtzite ZnO upon enhancing the calcination temperature. Moreover, only wurtzite phase is detected without any trace of Pt diffraction peaks although ZnO samples changed darker after the photodeposition procedure. It may be ascribed to its relative lower loading amount, smaller particle size and/or high dispersion over the surfaces of ZnO nanoparticles, which would be beneficial for enhancing the photoactivity of photocatalyst [6] . Moreover, part Pt might be lost during the photodeposition process. This assumption can be further validated by the XRF analysis results of Pt contents in 3%Pt/ZnO calcined at 400
III. RESULTS AND DISCUSSION
• C as shown in Table I , in which, Pt content is slightly lower than its addition amount (3%).
The experimental results on nitrogen adsorbtiondesorption measurement of the ZnO nanoparticles calcined at different temperatures are also summarized in Table I . As can be seen, the specific surface area decreased from 14.5 m 2 /g to 3.7 m 2 /g with enhancing the calcination temperature from 300
• C to 500 • C. It can be attributable to the increasing particle size along with grain growth, which subsequently causes an increasing mean pore size (due to the pileup of the nanoparticles) and decreasing pore volume upon enhancing the calcination temperature as shown in Table I . Figure 2 shows the representative FESEM images of the resulting ZnO. As can be seen from Fig.2(a) , ZnO nanoparticles calcined at 300
• C consist of quasispheric particles with a relative uniform diameter in the range of 18−36 nm and a mean particle size of 22.5 nm. With enhancing the calcination temperature, the morphologies of ZnO particles changed from quasi-spheric to quasi-nanorod ( Fig.2(b) ) and then to flaky (Fig.2(c) ) shapes. It can be attributable to the grain growth and agglomeration of nanoparticles upon enhancing the calcination temperature. TEM images (Fig.3 ) also confirm the quasi-spheric and/or quasi-nanorod morphologies of the ZnO nanoparticles calcined at 400 • C. The particle size varies in the range of 15−50 nm with mean particle of 36.7 nm, which is similar to the mean crystal size (36.2 nm) calculated from the XRD results. The lattice fringes of ZnO nanocrystalline can be seen clearly from the HRTEM image (inset of Fig.3(b) ) with a spacing of about 0.263 nm, corresponding to the interplanar distance of (002) crystal plane of wurtzite ZnO (JCPDS, No.36-1451) [14] . Those observations indicate that the particles have relative high crystallinity, which is beneficial for the improvement of photoactivity [19] . Figure 4 displays the diffuse reflectance absorption (DRS) spectra of 3%Pt/ZnO calcined at different temperatures. All of the products show similar UV absorption with limited visible-light absorption attributable to the loaded Pt, and the absorption edge of ∼370 nm corresponds a band gap of ∼3.37 eV, which can be ascribed to the characteristic absorption of ZnO [20] . The above results indicate that ZnO has broader bandgap and higher band potential as compared to TiO 2 , which may be beneficial for enhancing its photocatalytic activity.
In a preparatory experiment, no H 2 evolution was observed from ZnO nanoparticles without Pt-loading after 5 h light irradiation, which is similar to the situation of TiO 2 reported before [21] . It is well-known that Ptloading on photocatalyst can efficiently enhance the H 2 evolution efficiency because the loaded Pt can act as a H 2 evolution site due to its lower over-potential. Generally, there is an optimum Pt-loading amount over TiO 2 nanoparticles, once exceed this Pt-loading amount, the H 2 evolution efficiency would decrease. Therefore, we first optimized the Pt-loading amount by using Pt/ZnO as photocatalyst. Figure 5 shows the effect of Ptloading amount on the photocatalytic H 2 production efficiency over the photocatalyst. As can be seen, the photoactivity of Pt/ZnO sharply increases with enhancing the Pt-loading from 0 to 3%, and then decreases upon further increasing the Pt-loading amount. It indicates that 3% Pt-loading can lead to a maximum H 2 evolution efficiency (0.63 µmol/h) from the present Pt/ZnO suspension in the presence of methanol.
The increasing H 2 evolution efficiency with enhancing Pt-loading amount could be attributed to the following factors: the Schottky barriers between Pt and ZnO nanoparticles would enhance the charge separation of the photogenerated carriers [21] ; Pt-loading is also capable of debasing the overpotential loss for H 2 evolution. On the contrary, excessive Pt-loading would result in the growth and agglomeration of Pt nanoparticles on the semiconductor surfaces, which shield the photosensitive ZnO surfaces, scatter the light and decrease the light absorption of the ZnO nanoparticles, and subsequently diminish the surface concentration of electrons and holes available for the photochemical reactions [22] . Therefore, there is an optimum Pt-loading amount for the photocatalytic H 2 production over the present ZnO nanoparticles. Figure 6 shows the photocatalytic H 2 production efficiency over the 3%Pt/ZnO nanoparticles calcined at different temperatures. As can be seen, the best H 2 production efficiency was observed from the ZnO nanoparticles calcined at 400
• C. Most previous experimental results indicated that the light absorption, crystallinity, specific surface area and crystal phase of TiO 2 were important influencing factors for the photocatalytic H 2 evolution [6, 21] . Various ZnO products calcined at different temperatures show very similar light absorption properties as shown in Fig.4 . Therefore, it can be concluded that the above effects of calcination temperature on the photoactivity are mainly due to the different microstructures of various products. As described above, calcinations of ZnO nanoparticles lead to decreasing surface area and increasing crystallinity and grain size. Generally, a decreased surface area can lead to reduced active sites for the photochemical reaction, while an increased crystallinity usually can decrease the interfacial recombination of the photogenerated carriers. On one hand, the increased photocatalytic H 2 production efficiency over the ZnO nanoparticles calcined at 400
• C in comparison with the sample calcined at FIG. 7 Time courses of the photocatalytic H2 production over 3%Pt/ZnO. Reaction conditions: catalysts 100 mg; solutions 20 mL methanol or triethanolamine+80 mL water.
300
• C can be mainly attributed to the improved crystallinity as shown in Fig.1 [23] . On the other hand, a larger grain size usually results in a longer distance of electron transfer and high rate of carrier recombination; and a smaller surface area result in decreasing the reaction active sites. These in turn result in a reducing H 2 evolution efficiency. Therefore, the decreased H 2 production efficiency for the product calcined at 500
• C can be ascribed to its smaller surface area and larger grain size (Table I) in comparison with the samples calcined at 400
• C although a higher crystallinity was attained for this product. On the bases of above discussions, it could be concluded that the present experimental facts on the photocatalytic H 2 production efficiency can be ascribed to the balance of above conflicting factors, and the optimal calcination temperature for ZnO nanoparticles is 400
• C in the present experiment conditions. Figure 7 shows the time course of the photocatalytic H 2 evolution efficiency over 3%Pt/ZnO nanoparticles calcined at 400
• C under light irradiation. As can be seen, photocatalytic H 2 evolution amount steadily increased with prolonging the irradiation time. After 5 h light irradiation, the H 2 evolution amount reached 2.64 µmol by methanol as sacrificial reagent. It has been proved that the methanol can contribute to the H 2 production in a TiO 2 suspension system [24] . Therefore, the photoreaction was repeated by using TEOA as sacrificial reagent, which could not contribute to the H 2 production, and its time course of the photocatalytic H 2 evolution efficiency was also listed in Fig.7 . The H 2 production efficiency (0.22 µmol/h) from the TEOA system was relatively less than that (0.52 µmol/h) from the methanol system. This result suggests that H 2 partly come from methanol decomposition during the present photochemical reaction. In order to further check whether this H 2 generation reaction was photocatalytic or not, 3%Pt/Al 2 O 3 was also used as photocatalyst to repeated above photoreaction, and no appreciable H 2 was detected after 5 h light DOI:10.1088/1674-0068/24/04/464-470 c 2011 Chinese Physical Society irradiation using either methanol or TEOA as sacrificial reagent. It proved that the H 2 evolution occur photocatalytically. Although the H 2 evolution efficiency (0.22 µmol/h) from the present ZnO nanoparticles suspension containing TEOA is much lower than that (292 µmol/h) of the TiO 2 nanoparticles under a similar photoreaction condition as shown in our previous work [25] , the present result still indicates that photocatalytic H 2 production over ZnO nanoparticles is feasible, and should be further improved from the view of practical application, which might be realized via coupling with some other transition metal oxide [25, 26] . For example, significant improvement of photocatalytic H 2 generation efficiency over TiO 2 has been obtained with depositing CuO [26] . Nevertheless, this is first research on confirming that the H 2 production can be generated from photocatalytic process over Pt/ZnO. Further improvement of the H 2 production efficiency is under progress. It was found that the pH value of the photochemical reaction solution decreased from 7.35 to 6.90 after 5 h light irradiation, it indicates that part of methanol molecules might be oxidized into acidic species and contribute to the H 2 production during the photoreaction. To clarify this supposition, the formic acid amount in the remaining photoreaction solutions after different irradiation times was detected by ion chromatograph. The formic acid concentrations in the photoreaction solutions are 0, 3.52, 3.76, 2.69, 1.70, and 1.48 mg/L after different light irradiation time of 0, 1, 2, 3, 4, and 5 h. As can be seen, formic acid amount in the photoreaction solutions shows an increasing firstly and then decreasing trends upon prolonging the irradiation time. It demonstrates that methanol can be transformed into CH 2 O, HCOOH and then into CO 2 similar to that reported previously [27−30] . On the bases of above result and previous reports [27−30] , the hydrogen production mechanism in the present methanol system may be expressed as the following processes.
Firstly, Pt/ZnO is excited by the light irradiation with the energy equal to or higher than its bandgap, which leads to the separation of electron-hole near the surface, and then the H + can accept the electron to produce H 2 on the loaded Pt as follows [6, 27] :
Secondly, methanol can be oxidized by above hydroxide radicals (OH·) to CH 2 O, HCOOH, and transformed into CO 2 and H 2 [27−29] , some methanol are consumed during the reaction and the formed CH 4 and H 2 have been identified in the gas mixtures [28, 29] . These findings indicate that H 2 is partially produced from methanol, which is consistent with above experimental results, and the following reactions might take place in the present methanol aqueous solution [27−29] :
It is well-known that O 2− in ZnO is easily oxidized by above photogenerated holes, which might lead to photoerosion of ZnO, and thus the existence of Zn 2+ in the photoreaction solution [31] . Moreover, the decreased pH value of photoreaction solution after the light irradiation as described above might also lead to the photoerosion of ZnO because it is an amphoteric oxide. Therefore, ICP-OES was used to detect the Zn 2+ concentration in the solution, but it was found that there is no Zn 2+ in the solution. Furthermore, the catalyst after the photoreaction was recovered from the photoreaction system, it was found that no significant change in the XRD patterns ( Fig.1 (d) and (f)) and FESEM images (Fig.2 (b) and (d) ) of the catalysts is detected after the photocatalytic reaction, and the catalyst's Pt-loading amount and microstructures such as surface area, pore size and volume also maintain unchanged during the photoreaction process as shown in the Table I . The above results indicate that the present ZnO can work as a stable photocatalysts in the presence of sacrificial reagent. Probably, the photostability of ZnO in the present system is related to the capture of the photogenerated holes by methanol molecules, which need further investigation.
IV. CONCLUSION
ZnO nanoparticles are synthesized via a direct precipitation method followed by a heterogeneous azeotropic distillation process. And Pt/ZnO is used as photocatalysts for the hydrogen production from aqueous suspension with/without electron donors. The effects of the Pt-loading amount, calcination temperature as well as irradiation time on the H 2 evolution efficiency are investigated in detail. The ZnO nanoparticles calcined at 400
• C exhibit the best photoactivity for H 2 production in comparison with the samples calcined at 300 and 500
• C. The relative large surface area, small crystalline size, the well-crystallized wurtzite phase with a uniform dispersion of co-catalyst (Pt) for the sample calcined at 400
• C has resulted in an effective, faster charge separation, which, in turn, leads to a higher photoactivity for H 2 production. Moreover, the present ZnO nanoparticles in methanol solution show higher photocatalytic H 2 production efficiency than that from triethanolamine solution and a relatively good photostability in the present experimental condition.
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